In this paper, an original method for the design of PID Controller for MIMO application is presented. The proposed method is based on the CRONE MIMO approach which makes easier the design of MIMO robust controllers. The problem treated here is the control of a refrigeration system based on vapour compression in order to achieve high energy efficiency and to satisfy the cooling demand. Simulation results show the good control performance and robust stability for a wide set of operating points. 
A series form of the PID controller could be easier to design:
  
Through the two more parameters  and , this controller offers a better flexibility than the conventional PID and the constant F avoids that the control sensitivity function tends towards infinity. Depending on the value of , C(s) is biproper for  =  and strictly proper for  > .
In order to simplify its design and implementation, it is possible to choose a fractional order PID controller defined by:
  nI, the corner frequencies of (3) can be approximated by:
Fractional order PID has been the subject of considerable interest among researchers who have developed a large number of tuning techniques (Podlubny 1999a -b, Chen 2004 , Petras 1999 , Nataraj 2007 , Monje 2010 . This interest is due mainly to the usual belief that "fractional" leads necessarily to an improved performance, mainly in terms of robustness. Nevertheless, the fractional order PID designs do not explicitly take into account a well-defined perturbation model of the plant. At the opposite, the fractional order CRONE design methodology is based on the perturbed model in order to ensure both performance and robustness.
CRONE Control-System Design (CSD) methodology
The CRONE (a french acronym which means fractional order robust control) CSD methodology is a frequency-domain approach developed since the eighties (Oustaloup 1983 (Oustaloup , 1991 (Oustaloup , 1995 Lanusse, 1994) . It is based on the common unity-feedback configuration presented by Fig. 1 (Oustaloup 1983 (Oustaloup , 1991 . 
-where m(s) is a set of band-limited complex fractional order integrators:
with: 
-where l(s) is an integer order nl proportional integrator and where h(s) is a low-pass filter of integer order n h :
Gains Cx (Ck, Cl and Ch) are such that r is the nominal closed-loop resonant frequency. Order nl has to be set to manage the accuracy provided by the control-system. Order nh has to be set to obtain a bi-proper or strictly-proper controller.
When N + = N -= 0, only four open loop parameters are optimized in order to minimize a robustness cost function J:
where MT0 is a required value of the nominal resonant peak of the complementary sensitivity function T(s). To manage precisely performance related to tracking, regulation and control effort level, 5 inequality constraints are to be fulfilled for all plants (or parametric states of the plant):
. (12) The optimal open-loop parameters position the open-loop frequency uncertainty domains -defined by possible values of G(j)/G0(j)-in order to not overlap the low stability margin areas of the Nichols chart. The parameterization of the nominal open-loop transfer function by complex fractional orders simplifies the optimization considerably. During optimization a complex order has the same function as a whole set of parameters found in common rational controllers. When it is useful, N -and N + are different from 0 to increase the number of tuning parameters.
Then, the fractional controller CF(s) is defined by its frequency response:
Finally, this desired frequency response is fitted by a low order rational transfer function CR(s). When the objective is to design a PID, an order 3 rational transfer function is tuned. In other words, a robust PID controller can also be designed by using the third generation CRONE design methodology. A CRONE CSD toolbox is downloadable for free (Lanusse, 2010 ).
Refrigeration system based on vapour-compression
The non-linear MIMO system to be controlled is a refrigeration system based on vapour compression (Bejarano, 2017) . This system (Fig 3) requires 4 components: a compressor, condenser, expansion valve, and evaporator. The compressor compresses the refrigerant to a high pressure and
Preprints of the 3rd IFAC Conference on Advances in ProportionalIntegral-Derivative Control, Ghent, Belgium, May 9-11, 2018 high temperature and then flows to the condenser, which is a heat exchanger where heat is rejected to the environment. The refrigerant is condensed to a liquid. The hot liquid refrigerant then passes through an expansion valve, where the refrigerant expands to a low pressure and a low temperature. The cold refrigerant then flows through the evaporator, where it absorbs heat and boils back into a vapour on its way back to the compressor. Two variables: the outlet temperature of the evaporator secondary flux Te,sec,out (which represent the cooling demand) and the degree of superheating TSH are to be controlled by manipulating two variables: the compressor speed N and the expansion valve Av and by considering also the disturbances. The coefficient of performance COP is used as quality steady-state performance variable, which defined as the ration between the cooling power generated at the evaporator and the mechanical power provided by the compressor. The model is controlled with a sampling period equals to 1 second. 
CRONE Control-System Design (CSD) methodology
The CRONE methodology has been extended to control a MIMO mxn system G (n inputs, m outputs) (Lanusse et al., 1996 (Lanusse et al., , 2000 (Lanusse et al., , 2016 Sutter, 1997 , Sabatier et al., 2015 . 
Each element of (s) is based on the third generation CRONE SISO methodology as described in section 1.2.
Parameters of all 0ii(s) are optimized together in order to stabilize the nominal closed-loop and to minimize the resonant peak variation of all Tii(s). Once (s) has been optimized, the controller is obtained from
where G0 * (s) is G0 -1 (s) the inverse matrix of G0(s) when m = n, or G0 † (s) the Moore-Penrose pseudo-inverse matrix of G0(s) in the case when m ≠ n. To ensure the system stability, the nominal open-loop transfer function should include some time-delays and poles and zeros in the right half-plane and lightly damped modes which appear in G0 * (s) and G0(s) (Nelson-Gruel et al., 2008 , Sabatier et al., 2015 , Lanusse et al., 2016 . This methodology provides an efficient MIMO controller, but may be sometimes difficult to use: taking into account all the features of G0 * (s) and G0(s) could be cumbersome. Thus, when a RGA analysis proves it (Sabatier et al., 2015) , LTI square mxm MIMO uncertain plants can be controlled using decentralized (diagonal) MIMO controllers.
MIMO design of a decentralized controller
A decentralized controller can be obtained by choosing an arbitrary diagonal model for G0(s). Nevertheless, the MIMO features of G are taken into account at the time of MIMO open-loop optimization as for instance they contribute to the resonant peak variation of all perturbed Tii(s) (Lamara 2012 ).
Thus, the parameters of all 0ii(s) need to be optimized at the same time.
Multi-SISO design of a decentralized controller
When the plant is diagonal dominant, the multi-SISO CRONE approach can be used to design a decentralized controller (Sutter, 1997 , Lanusse, 2010 This approach enables an independent tuning of each open-loop transfer function 0ii(s) (thus of each Ci(s)) by taking into account the diagonal nominal transfer function Gii0(s) and an uncertainty defined by the structured uncertainty coming from all possible values Gii(s) enlarged by an unstructured uncertainty computed from modulus of column off-diagonal terms Gji(s).
MIMO PLANT ANALYSIS
The MIMO refrigeration system needs to be analysed to know what kind of controller and control system design methodology can be used. For this purpose, several tools can be used: Relative Gain Array Analysis (RGA), Column Diagonal Dominance Degree (CD 3 ). But, first of all, in order to use these tools, the previous described system needs to be linearized.
System linearization
The refrigeration system is linearized around 9 operating points (blue points in fig. 4 ) chosen in the space of the controlled variables (Bejarano, 2017) . Integral-Derivative Control, Ghent, Belgium, May 9-11, 2018 (Hz) to Te,sec,out (°C); G21: from Av (%) to TSH (°C); G22: from N (Hz) to TSH (°C). From Fig.5 , we can notice variations of frequency responses due to the nonlinearities of the system. Thus, these nonlinearities will be taken into account in the controller design. 
RGA and CD 3 analysis
The RGA tool quantifies the relationship between an input and an output and expresses how the output can be modified by the other inputs. It shows the coupling level of a system and if a decentralized control could be efficient. For a given mxm plant G, the RGA matrix is obtained from:
For the considering MIMO system, Fig. 6 shows that for the 9 operating points, 11(j) and 22(j) are close to 1 and greater than 12(j) and 21(j) along the studied frequency range. Thus a decentralized controller can be efficient to control the plant. The CD 3 tool compares, column by column, the magnitude of each diagonal element Gii of G to the sum of the magnitude of the off-diagonal elements Gji with j ≠ i. Fig.5 shows that |G22| is greater than |G21| but |G11| is lower than |G21|. Which means that, an efficient C2(s) can be designed by using the CRONE multi-SISO approach to control output y2 of Fig.7 .
At the opposite, designing C1(s) by using the multi-SISO approach would provide a conservative controller for output y1. Nevertheless, C1(s) can be designed by using the SISO approach and by taking into account the equivalent plant G11 By taking into account the enlarged uncertainty, 022(s) =
* (s) defined by Y1(s)/U1(s) with U2(s) = -C2(s)Y2(s).

C2(s)G022(s)
is tuned. The desired closed-loop bandwidth is 0.5 rad/s. Fig. 10 shows the frequency domain constraints and the nominal and extreme values of the optimal sensitivity functions The required resonant peak MT0 is 0.1 dB, the resonant peak limitation (T) is 2dB. In order to ensure a fast convergence of the output towards the input, the sensitivity function T is chosen very close to 0dB at low frequency (-0.1dB <T <0.1 dB). The sensitivity function limitation (S) is 6dB and the plant input sensitivity function limitation (SG) is -5dB. The control effort sensitivity function limitation (CS) is 25dB. The low frequency order nl2 of the nominal fractional open loop needs to be 1. To limit the control effort sensitivity at high frequency and to obtain a strictly proper controller, the high frequency order nh2 needs to be 2. value of the cost function J is 0.12 dB and all sensitivity constraints are met ( Fig. 9.a) . Finally, by using relation (13) we obtain the fractional version of C2(s) whose frequency response is fitted by an order 3 PID-like rational transfer function: 
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Fig .10 .a shows the Nichols plot of G11 * (s). Fig.11 shows the step responses of the closed-loop linear system (9 operating points) for step variations of the reference signals. As we can observe, the plant outputs are both stable and damped: the percentage overshoots are always lower than 20%. As for the coupling effects, both disturbances are rejected. 
Evaluation results
A standard simulation have been performed using the model defined in section 1. This simulation, includes step changes in the input signals references on Te,sec,out and TSH and in the most important disturbances: the inlet temperature of the evaporator secondary flux Te,sec,in and the inlet temperature of the condenser secondary flux Te,sec,in. A sampling time of 1 second is considered. Fig. 12 presents the results of the standard simulation using the decentralized CRONE controller described in section 4. It shows that the plant outputs are stable and well damped: the percentage overshoots are always less than 20%.with the respect to the input references and a settling time less than 30s. Moreover, it is important to observe that the plant outputs are decoupled and the disturbances are well rejected.
Comparing multivariable controllers
In this subsection, the CRONE decentralized controller is compared with the default PID decentralized controller described in (Bejarano, 2017) . On Fig 12, we appreciate that the better response of Te,sec,out and TSH are reached with the CRONE controller and this for a fairly close control effort level compared with the one of the default PID controller. Moreover, for a quantitative comparison eight individual performance indices and one combined index are evaluated (Bejarano, 2017) . The numerical values of the evaluated indices are presented on Table 1 . As we can see, all the indices quantifying the error signals for the CRONE controllers are better than those of the benchmark controller. 
